Transformants that expressed either the wild-type rasG gene, an activated rasG-G12T gene, or a dominant negative rasG-S17N gene, all under the control of the folate-repressible discoidin (dis1␥) promoter, were isolated. All three transformants expressed high levels of Ras protein which were reduced by growth in the presence of folate. All three transformants grew slowly, and the reduction in growth rate correlated with the amount of RasG protein produced, suggesting that RasG is important in regulating cell growth. The pVEIIrasG transformant containing the wild-type rasG gene developed normally despite the presence of high levels of RasG throughout development. This result indicates that the down regulation of rasG that normally occurs during aggregation of wild-type strains is not essential for the differentiation process. Dictyostelium transformants expressing the dominant negative rasG-S17N gene also differentiated normally. Dictyostelium transformants that overexpressed the activated rasG-G12T gene did not aggregate. The defect occurred very early in development, since the expression of car1 and pde, genes that are normally induced soon after the initiation of development, was repressed. However, when the transformant cells were pulsed with cyclic AMP, expression of both genes returned to wild-type levels. The transformants exhibited chemotaxis to cyclic AMP, and development was synergized by mixing with wild-type cells. Furthermore, cells that were pulsed with cyclic AMP for 4 h before being induced to differentiate by plating on filters produced small, but otherwise normal, fruiting bodies. These results suggest that the rasG-G12T transformants are defective in cyclic AMP production and that RasG ⅐ GTP blocks development by interfering with the initial generation of cyclic AMP pulses.
All eucaryotic organisms thus far examined have ras genes, and the sequences of their encoded proteins are highly conserved (1, 42) . The Ras proteins bind guanine nucleotides and function as molecular regulators of signal transduction pathways, cycling between an inactive GDP-bound state and an active GTP-bound state (29) . The ras genes were initially discovered as proto-oncogenes; point mutations in the regions encoding the GTP-binding domains resulted in an activated protein, which produced a transformed phenotype in a variety of cell lines (1) . In contrast, a mutation that maintained Ras in the GDP-bound form was found to be dominant negative when overexpressed and severely inhibited cell growth (11) . In addition to the role in regulating cell growth, evidence has since accumulated for a role for Ras in signal transduction pathways involved in differentiation (29) .
Dictyostelium discoideum is a eucaryotic organism with a relatively simple life cycle that comprises a vegetative growth phase and a differentiation phase, during which morphologically and functionally distinct stalk and spore cells are formed within a multicellular structure. In the first step of differentiation, a pulsatile release of cyclic AMP (cAMP) is responsible for bringing the vegetative amoebae into a multicellular aggregate. Since growth and differentiation are distinct phenomenon in D. discoideum, it is possible to independently study the role of ras genes in both processes. D. discoideum contains at least five ras genes, each maximally expressed at a different stage of development (9, 10, 32, 35) . The genes rasG and rasD, encoding products most highly related the human Ha-, Ki-, and N-Ras proteins, have been studied in the most detail. rasD expression becomes enriched in prestalk cells during late aggregation, whereas rasG is maximally expressed during growth and early development, and the available evidence suggests that it is the major ras gene expressed at these times (9, 10, 35) .
To better understand the function of RasG, we transformed the gene into D. discoideum under the control of its own promoter (40) . There was no increased production of RasG protein in the resulting transformants, even though the transgene was present in very high copy number. This result suggested that expression from the rasG promoter was tightly auto-regulated. Despite this regulation, transformants containing a mutated rasG-G12T transgene expressed some mutant mRNA. This low level expression of rasG-G12T had no effect on growth but caused impaired aggregation under certain developmental conditions (40) . In the study reported here, we have successfully overexpressed the rasG gene by using the folate-repressible discoidin promoter (4, 5) and have determined the effects of overexpression on growth and differentiation.
MATERIALS AND METHODS
Growth and differentiation conditions. D. discoideum Ax-2 and the derived transformants were grown in HL5 medium, in the presence of 1 mM folate where indicated, in rotatory agitated suspension (175 rpm) at 22ЊC. Vegetative cells were harvested during the exponential phase of growth at densities of between 1 ϫ 10 6 and 2 ϫ 10 6 cells per ml by centrifugation at 700 ϫ g for 2 min and washed twice in Bonner's salts (6) . For development, 2.0 ϫ 10 7 washed vegetative cells were plated onto nitrocellulose filters resting on supporting pads, which had been saturated with Bonner's salts and placed in plastic dishes. Spore formation was quantified with a hemocytometer after the harvesting of fruiting bodies from filters in Bonner's salts containing 1% Triton X-100. To observe the aggregation process more easily, washed vegetative cells were resuspended in Bonner's salts and added to Optilux plastic dishes (Falcon) at a cell density of 2 ϫ 10 5 cells per cm 2 . Transformants were also grown clonally on lawns of Enterobacter aerogenes, and developmental phenotypes were assessed under these conditions.
To study the effects of pulsing cAMP on differentiation and gene expression, washed vegetative cells were resuspended in PDF/MES (20 mM KCl, 1.2 mM MgSO 4 , 7.5 mM morpholinethanesulfonic acid [MES; pH 6.5]) at a density of 5 ϫ 10 6 cells per ml, and the suspension was divided into two flasks and shaken at 150 rpm. One flask received a 25 nM pulse of cAMP every 6 min, and the second control flask received no cAMP. After 4 h of incubation, cells were centrifuged and resuspended in PDF/MES, and 2.0 ϫ 10 7 cells were induced to differentiate by plating on nitrocellulose filters as described above except that PDF/MES was used instead of Bonner's salts.
Chemotaxis and motility assays. Chemotaxis assays were performed with only slight modifications to a previously described procedure (8) . Chemotaxis to folate was assessed by plating approximately 10 6 cells in 1 l on 2% agar plates containing PDF/MES and 40 M folate. The average distance migrated by the halo of cells that escape from the cell mass was determined after 24 h. Chemotaxis to cAMP was determined in an identical fashion except that the 2% agar plates contained PDF/MES and 10 M cAMP, and the cells were shaken at 150 rpm for 4 h in PDF/MES at 5 ϫ 10 6 cells per ml prior to plating. Random motility was determined by plating 2.5 ϫ 10 4 cells in 1 l on 2% agar plates containing PDF/MES. After 24 h, the distance migrated by the most rapidly moving cells was determined.
Measurement of cAMP. The production of cAMP was measured by the method described by Van Haastert (43) . Cells were starved on Millipore filters for 4.5 h, washed twice in phosphate buffer (10 mM KH 2 PO 4 -Na 2 PO 4 [pH 6.5]), and resuspended in the same buffer at a density of 6.25 ϫ 10 7 cells per ml. Immediately before stimulation, 0.14 ml of 100 mM dithiothreitol in phosphate buffer was added to 2.24 ml of the cell suspension. The cells were then stimulated by the addition of 0.42 ml of a stock solution of 2Ј-deoxy-cAMP in phosphate buffer to give a final concentration of 10 M 2Ј-deoxy-cAMP. One hundred microliters of cell suspension was then added to 100 l of 3.5% perchloric acid at the indicated time points, and these samples were stored frozen. Upon thawing, the lysates were neutralized by the addition of 50 l of KHCO 3 (50% saturated) and centrifuged, and cAMP levels were measured by using a cAMP binding protein assay kit (Amersham).
Site-directed mutagenesis and vector constructions. To obtain the actin 15 promoter-rasG gene construct, a BglII rasG-c3 (35) insert was cloned into the BglII site of the BS18 vector (23) . This construct was used directly for transformation as described below. To obtain the pVEII-rasG construct, the pVEII vector (4) was modified to remove the discoidin ATG translation start site (31), digested with KpnI, and treated with T4 DNA polymerase to generate blunt ends. The rasG-c3 BglII insert was treated with Klenow enzyme and deoxynucleoside triphosphates to generate blunt ends and was ligated to the treated vector. All junctions of the constructs were confirmed by double-stranded DNA sequencing reactions.
Missense mutations were created as follows. rasG-c3, a cDNA clone containing the entire coding region of rasG (35) , was cloned into the EcoRI site of the pTZ19R vector (28) and transformed into Escherichia coli RZ 1032 (24) . Uracilcontaining single-stranded phagemid DNA was isolated after infection with the helper phage M13K07 (44) and was used as a template for oligonucleotidedirected mutagenesis reactions (24) . To create an activating mutation (G12T), the mutagenic oligonucleotide had the following sequence: 5Ј-GTTATTGTTG GTGGTACTGGTGTCGGTAAAAGTG-3Ј (the substituted bases are underlined). To create a dominant negative mutation (S17N), the mutagenic oligonucleotide had the following sequence: 5Ј-GTCGGTAAAAATGCCTTAACC-3Ј. The gene with the activating mutation was transformed into E. coli DH5␣FЈ (Bethesda Research Laboratories), and the gene with the dominant negative mutation was transformed into XL1MRFЈ (Stratagene).
Transformation and selection of Dictyostelium transformants. Transformation and stable transformant selection were performed by the CaPO 4 DNA precipitation method as described previously (31) . A total of 5 ϫ 10 6 exponential-phase Ax-2 cells were incubated with 10 g of vector DNA for 4 h and then exposed to a 2-min glycerol shock. Colonies were visible after 10 to 14 days in HL5 medium containing 10 g of G418 per ml, 50 g of streptomycin per ml, and 1 mM folate. Stable transformants were selected by clonal growth in HL5 medium containing G418, streptomycin, and folate at the previously indicated concentrations and then maintained in the same medium.
RNA isolation and Northern (RNA) blot analysis. Total cytoplasmic RNA was isolated and size fractionated on 1.25% formaldehyde-agarose gels as previously described (35) . Equal loading of samples was checked by observing the intensities of 28S and 18S rRNAs following ethidium bromide staining. The RNA was transferred to a nylon membrane (Amersham); the filters were prehybridized for 2 to 4 h at 37ЊC in a mixture containing 30% formamide, 5ϫ Denhardt's solution (1ϫ Denhardt's solution is 0.02% Ficoll, 0.02% bovine serum albumin, and 0.02% polyvinylpyrrolidone), 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 50 mM sodium phosphate buffer (pH 6.5), 0.5% sodium dodecyl sulfate (SDS), and 250 g of denatured salmon sperm DNA per ml. The filters were then hybridized for 16 h at 37ЊC in a solution containing 30% formamide, 5ϫ SSC, 1ϫ Denhardt's solution, 20 mM sodium phosphate buffer (pH 6.5), 0.5% SDS, 30 g of polyadenylic acid per ml, and, per ml, approximately 3 ϫ 10 6 cpm of cDNA insert that had been labeled with [␣-32 P]dCTP (3,000 Ci/mmol; ICN Pharmaceuticals Inc.) by the random primer method (12) . The labeled probes were separated from unincorporated nucleotides by passage through a Sephadex G-25 spun column (26) , heat denatured for 5 min, quenched on ice, and then added to the hybridization solution. After incubation with the desired probe for 12 to 16 h, the filters were twice washed (for 30 min each time) in 0.1ϫ SSC-0.1% SDS at 65ЊC and then exposed to X-ray film.
Western blot (immunoblot) analysis. Between 1 ϫ 10 7 and 4 ϫ 10 7 cells were washed twice in Bonner's salts, resuspended in cold 75 mM ␤-glycerol phosphate-20 mM morpholinepropanesulfonic acid (MOPS; pH 7.2)-15 mM ethylene glycol-bis(␤-aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid (EGTA)-2 mM EDTA-1 mM sodium vanadate-1 mM dithiothreitol-20 g of antipain per ml-20 g of leupeptin per ml-20 g of aprotinin (Sigma Chemical Co.) per ml, and lysed by freezing and thawing. Protein concentrations were estimated by the Bradford method (7). An aliquot containing 20 g of protein from each transformant was mixed with an equal volume of 2ϫ sample buffer (0.5% ␤-mercaptoethanol, 0.5% SDS, 50 mM Tris-C1 [pH 6.8], 12.5% glycerol, 0.04% bromophenol blue), boiled for 5 min, and then subjected to SDS-polyacrylamide gel electrophoresis (25) .
After electrophoresis, the proteins were transferred to nitrocellulose membranes for 1 h at 90 V (41) and probed with a purified polyclonal anti-RasG antibody (22) . The membranes were incubated in 5% powdered milk (Carnation) in Tris-buffered saline (TBS)-Tween (25 mM Tris-Cl [pH 8.0], 1.0% NaCl, 0.5% Tween 20) overnight at 4ЊC and were then washed twice for 5 min with TBS. The primary antibody was diluted 1/5,000 in TBS-Tween containing 0.5% powdered milk and incubated with the nitrocellulose membranes at room temperature for 2 h. The membranes were then washed four times (for 5 min each) in TBS-Tween, and the amount of primary antibody that had bound was detected by using the ECL detection system (Amersham), with the secondary antibody diluted 1/10,000 in TBS-Tween containing 0.5% powdered milk. The membranes were exposed to X-ray film for 10 to 30 s, the time depending on the amount of antibody binding obtained.
RESULTS
Overexpression of the rasG, rasG-G12T, and rasG-S17N genes. The previously reported expression pattern for rasG suggested that the gene product was important for growth and early differentiation (21, 35) . To understand its possible role in these processes, attempts were made to overexpress the gene. Since preliminary experiments, using a constitutive actin 15 promoter, indicated that overexpression of the rasG gene might be toxic to the cell, the gene was cloned downstream of the folate-repressible discoidin (dis1␥) promoter in the vector pVEII (4, 5) , and the resulting construct, pVEII-rasG, was used to transform Ax-2 cells. Transformants were selected in the presence of 1 mM folate to repress the discoidin promoter. The isolated pVEII-rasG transformants contained a high copy number of the rasG gene (data not shown), and the levels of the RasG protein, as determined by Western blot analysis using a RasG-specific antibody, were considerably higher than those in the parental Ax-2 cells (Fig. 1) . As expected, levels of the RasG protein were considerably higher in cells grown in the absence of folate than in cells grown in the presence of 1 mM folate (Fig. 1) .
Transformants that expressed a rasG gene containing an activating mutation (rasG-G12T) and a dominant negative mutation (rasG-S17N) were also isolated. The amount of mutant protein in these cells was also very high, and again their levels depended on whether cells were grown in the presence or absence of 1 mM folate (Fig. 1) . All three transformants grew more slowly than Ax-2 in shake suspension in HL5 medium, and all three grew faster in the presence of folate than in the absence of folate (Fig. 2 and data not shown) . Generation   FIG. 1 . Expression of RasG protein in the pVEII-rasG, pVEII-rasG-G12T, and pVEII-rasG-S17N transformants. Twenty-microgram aliquots of protein from Ax-2 (lane 1), pVEII-rasG (lanes 2 and 3) , pVEII-rasG-G12T (lanes 4 and 5), and pVEII-rasG-S17N (lanes 6 and 7) were electrophoresed, blotted, and probed with RasG antibody as described in Materials and Methods. Cells were grown to densities of between 1 ϫ 10 6 and 2 ϫ 10 6 cell per ml in the absence (lanes 1, 2, 4, and 6) or presence (lanes 3, 5, and 7 ) of 1 mM folate.
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on September 7, 2017 by guest http://mcb.asm.org/ times were not constant during growth, and therefore for clarity, the increase in cell number has been presented as a linear rather than an exponential function (Fig. 2) . Since the level of RasG protein was reduced by growth in the presence of folate (Fig. 1) , these results suggest a direct relationship between the expression of the protein and the inhibition of cell growth. Developmental phenotypes of the rasG, rasG-G12T, and rasG-S17N transformants. All independently isolated pVEIIrasG and pVEII-rasG-S17N transformants differentiated normally. During the differentiation of the pVEII-rasG transformant, levels of RasG increased slightly at 8 and 12 h of development, probably as a result of developmentally regulated expression from the discoidin promoter, and then decreased during the remainder of development such that the levels present at the end of development were similar to those present in vegetative cells (Fig. 3B) . In marked contrast, RasG protein levels in the parental Ax-2 cells decreased rapidly as differentiation progressed such that by 8 h, RasG protein levels were very low (Fig. 3A) . These results clearly demonstrate that RasG levels need not decrease for differentiation to proceed.
Five independently isolated pVEII-rasG-G12T transformants failed to aggregate following growth on a bacterial lawn, and one of these was selected for detailed study. Regardless of whether growth in HL5 medium was in the presence or absence of folate, the transformant failed to aggregate when incubated under starvation conditions on a Millipore filter to induce differentiation (data not shown). These results indicate that the relatively low levels of the activated RasG protein induced during growth in the presence of folate (Fig. 1) are sufficient to block aggregation. In addition, aggregation did not occur when the transformant was incubated on nonnutrient agar or on a plastic surface. A variety of experiments were performed to examine the reason for the defect in aggregation.
The ability of the cells to move up a cAMP concentration gradient was tested by placing a drop of cells on an agar plate containing cAMP (8) . In this assay, cells move away from the center of the drop because cAMP is depleted by the action of the phosphodiesterase secreted by the cells. The pVEII-rasG-G12T transformant exhibited chemotaxis, although it was reduced relative to that observed for Ax-2 (Table 1) . However, the transformant also exhibited reduced chemotaxis to folate and reduced random motility (Table 1) , suggesting a general problem in cell motility rather than a specific defect in chemotaxis to cAMP.
Two genes that are expressed during early development are car1, encoding the cAMP receptor 1, and pde, encoding phosphodiesterase (13, 36) . Both gene products are important in the chemotaxis of cells towards cAMP. car1 mRNA was detectable by Northern blot analysis in Ax-2 cells 2 h after the start of differentiation, and levels increased markedly during the next 2 h of development (Fig. 4) . car1 mRNA levels were considerably reduced in the pVEII-rasG-G12T transformant, suggesting an early block in development. The expression of pde was also repressed in the transformant (Fig. 4) . Since car1 and pde are induced in response to pulses of cAMP (13, 36) , their reduced expression in the mutant suggested a possible defect in cAMP relay. The pVEII-rasG-G12T transformant was therefore exposed to 25 M pulses of cAMP in shake suspension, and gene expression was reexamined. Figure 4C shows that car1 and pde expression was considerably enhanced by this treatment.
When pVEII-rasG-G12T cells that had been pulsed for 4 h were induced to differentiate by starvation on a Millipore filter, differentiation proceeded to completion (Fig. 5B) , although the process was slightly delayed, requiring 36 h instead of the usual 24, and the fruiting bodies produced were considerably smaller than those obtained with the parental Ax-2 cells (Fig.  5D) . These results are consistent with the idea that cells are capable of responding to pulses of cAMP but are defective in generating cAMP pulses. When cells were pulsed with cAMP, there was no decrease in the level of RasG protein (data not shown), indicating that the restoration of aggregation did not require the removal of RasG-G12T. cAMP pulses produced no observable difference in the subsequent differentiation of Ax-2 cells (Fig. 5C and D) .
Since the RasG-G12T transformants could be induced to   FIG. 2 . Growth of the pVEII-rasG, pVEII-rasG-G12T, and pVEII-rasG-S17N transformants relative to that of Ax-2. Ax-2 (E), pVEII-rasG (ϩ), pVEIIrasG-G12T (Ç), and pVEII-rasG-S17N (ᮀ) were grown in HL5 medium containing no folate. pVEII-rasG-G12T (å) was also grown in HL5 medium containing 1 mM folate. Cell numbers were determined at the indicated times by duplicate hemocytometer counts. The data plotted are for a single experiment, but the growth rates were reproducible between experiments.
FIG. 3. Expression of RasG during development. Ax-2 cells (A) and pVEIIrasG transformant cells (B)
were induced to differentiate on filters as described in Materials and Methods. Cells were harvested at the indicated times (hours), and extracts were electrophoresed and probed with RasG antibody as described for Fig. 1 . Ax-2 7.0 Ϯ 1.2 (4) 8.3 Ϯ 1.6 (2) 17.5 Ϯ 2.5 (2) pVEII-rasG-G12T 3.9 Ϯ 0.6 (4) 3.4 Ϯ 0.7 (2) 9.3 Ϯ 0.6 (2) a Mean of the number of independent determinations shown in parentheses Ϯ the standard error of the mean.
b Average distance migrated by the 20 most motile cells in the population. c Average distance migrated by the population of cells that migrate away from the cell mass (8) .
differentiate by pulsing with cAMP, it was possible that development could be synergized by mixing the transformant cells with wild-type cells, which are capable of generating cAMP pulses. Populations containing various proportions of wild-type and pVEII-rasG-G12T cells were induced to initiate differentiation on nitrocellulose filters. Given the aggregation-minus phenotype of the pVEII-ras-G12T cells, it was not surprising that fruiting body size decreased as the proportion of the mutant to wild type increased (data not shown) and that the number of spores obtained decreased as the proportion of the mutant was increased (Table 2 ). When single spores that formed during the differentiation of the mixtures were plated onto bacterial lawns and the numbers of wild-type and aggregation-minus clones were determined, the data clearly indicated that some of the transformant cells were capable of forming spores when mixed with Ax-2 ( Table 2) . However, in all mixtures, the pVEII-rasG-G12T cells were less efficient at spore formation than the parental Ax-2 cells (Table 2 ). In addition, the data suggest that the presence of the transformant inhibited some of the wild-type cells from forming spores.
cAMP relay in the pVEII-rasG-G12T transformant. To directly determine if there was a defect in the cAMP relay in the pVEII-rasG-G12T transformant, cells were starved for 4.5 h and then stimulated with a pulse of 2Ј-deoxy-cAMP. 2Ј-DeoxycAMP is capable of binding to the cAMP receptor and stimulating cAMP generation but does not interfere with the subsequent determination of the amount of cAMP produced by the cells. When the parental Ax-2 cells were stimulated with 2Ј-deoxy-cAMP, there was immediate production of cAMP. In contrast this cAMP relay was barely detectable in the pVEII- FIG. 4 . car1 and pde mRNA expression during the early development of Ax-2 and pVEII-rasG-G12T. Ax-2 and pVEII-rasG-G12T transformants were induced to differentiate on filters (A), in shaken suspensions in MES/PDF (B), or in shaken suspensions in MES/PDF, pulsed with 25 M cAMP every 6 min (C), and were harvested at the indicated times (hours) after the initiation of starvation. Total RNA was extracted, electrophoresed, and transferred to a membrane, and probed as described in Materials and Methods. The blots were probed sequentially with car1 and pde cDNAs. VOL. 16, 1996 rasG GENE AND DICTYOSTELIUM DIFFERENTIATION 4159 on September 7, 2017 by guest http://mcb.asm.org/ rasG-G12T transformant (Fig. 6 ). This result clearly demonstrates that the transformant is defective in cAMP relay.
DISCUSSION
Dictyostelium transformants expressing high levels of either activated RasG-G12T or dominant negative RasG-S17N protein exhibited decreased growth rates. A possible explanation for the fact that both mutated forms of the protein inhibit growth is that normal RasG functioning during growth requires the protein to cycle between the active GTP-bound and inactive GDP-bound forms. A similar explanation has been suggested for the fact that both activated and dominant negative forms of Rap1A inhibit the oxidative burst in B lymphocytes (25a). That overexpression of wild-type RasG also inhibited cell growth suggests that the cell is unable to efficiently regulate the exchange between the active and inactive forms when very high levels of the protein are present.
The finding that both dominant negative and activated forms of Ras protein inhibit Dictyostelium growth has a precedent in studies in mammalian cells. The S17N mutation of the ras gene has been shown to act in a dominant negative fashion and inhibit mammalian cell growth (11) . Similarly, although many established mammalian cell lines are oncogenically transformed by activated ras genes, the proliferation of a number of primary and early-passage cultured cells and certain cell lines is adversely affected by activated ras gene overexpression. For example, transfection of rat Schwann cells with activated Haras prevents outgrowth of these cells, and microinjection of oncogenic Ras proteins into these cells inhibits DNA synthesis (34) . Furthermore, in cultured rat kidney cells, only low levels of activated ras expression are tolerated (20) , and overexpression of an activated Ha-Ras protein in REF52 rat embryo fibroblast cells induces morphological changes and cell growth arrest (14) . Finally, in PC12 cells, an activated ras gene induces cell growth arrest and neurite differentiation (2, 36) .
The rapid reduction during aggregation of rasG mRNA (21) and RasG protein (Fig. 3B) is not essential for normal differentiation to occur. The Dictyostelium RasG transformants differentiated normally despite the fact that they retained high levels of RasG protein throughout development (Fig. 3A) . It has been shown previously that overexpression of wild-type rasD under the control of its own promoter also has no adverse effect on development (33) . Taken together, these results indicate that elevated levels of wild-type Ras proteins during Dictyostelium development do not have deleterious effects on the developmental process and that the presence of RasG during late development does not interfere with RasD function.
The most important finding in this study is that overexpression of the activated RasG-G12T protein during growth inhibited the ability of cells to aggregate upon starvation. The induction of car1 mRNA that occurs early during wild-type development was markedly suppressed in the pVEII-rasG-G12T transformant, suggesting that development was blocked during the transition from growth. Similarly there was considerable inhibition in the level of expression of another early developmental gene, pde. Early developmental gene expression has also been shown to be repressed in mutants which are deficient in the synthesis of cAMP (15, 18, 30, 38) , and when pVEII-rasG-G12T cells were pulsed with cAMP for 4 h, car1 and pde expression was restored to wild-type levels. In addition, cells were capable of aggregating and forming fruiting bodies after being pulsed with cAMP in suspension. These results suggest that the RasG-G12T transformant is unable to generate cAMP in response to cAMP stimulus, and this has been confirmed experimentally (Fig. 6) . Thus, RasG ⅐ GTP appears to be negative regulator of the signal transduction pathway that leads from the cAMP receptor to adenylate cyclase activation. Several positive regulators of this pathway, protein kinase A (PKA), the cytosolic regulator of adenylate cyclase (CRAC), and a mitogen-activated protein kinase (ERK2) have been identified (15, 18, 38, 39) , but RasG ⅐ GTP is the first protein to be implicated as a negative regulator. The mechanism by which RasG ⅐ GTP blocks cAMP relay remains to be determined, but one interesting observation is that when cells are shaken in suspension in the absence of cAMP, they form minute fruiting bodies when subsequently induced to differentiate on filters (Fig. 5A) , whereas when cells are plated directly onto filters, they are totally deficient in aggregation. This result suggests the possible presence of an inhibitor of the cAMP relay, whose concentration decreases when cells are incubated in suspension.
The development of pVEII-rasG-G12T cells was synergized a Under these differentiation conditions, the number of spores formed by Ax-2 always exceeds the number of initial amoebae, as a result of cell division during development. The values are the means Ϯ standard deviations for three independent experiments. The number of amoebae and spores counted for each determination ranged from 100 to 200 in a 0.1-l hemocytometer cell.
b Mean Ϯ standard error of the means for two separate experiments. The number of germinated spores assessed for developmental phenotype was between 80 and 160.
by wild-type cells, and under these conditions, the transformant formed spores with reasonably high efficiency. This finding suggests that the block in early aggregation is the only defect in the transformant and that once differentiation is induced by pulses of cAMP, provided either artificially or by wild-type cells, there are no other defects in differentiation. The development of mutants lacking adenylate cyclase (aca null) can also be synergized by mixing with wild-type cells, and again less than half of the spores are derived from the mutant in 50:50 mixtures (30) . However, simply pulsing the aca null cells with cAMP is insufficient to induce terminal differentiation (30) . The fact that the RasG-G12T phenotype is less pronounced than that of aca null cells suggests that the former cells retain a low level of cAMP relay, despite the fact that a residual level of activity was barely detectable experimentally (Fig. 6) . erk2, crac, and pka null mutants have more extreme developmental phenotypes. The null mutants in erk2 coaggregate with wild-type cells, but most mutant cells do not enter the slug and less than 0.1% of spores from 50:50 mixtures of mutant and wild type are erk2 null (39) . Similarly, crac null cells coaggregate with wild-type cells, but the mutant cells do not enter the slug, and very few mutant cells form spores (18) . One interpretation of these results is that erk2 and crac are required beyond the aggregation stage. Finally, transformants containing a dominant negative pka construct show a similar inability to complete differentiation when mixed with Ax-2 (15). The requirement for PKA at all stages of development is well established (16, 17, 27) .
The available evidence is consistent with RasG having a regulatory role during Dictyostelium growth. We hypothesize that RasG regulates the response to nutrients, a role analogous to the one that Ras has been shown to play in transducing growth factor signals in mammalian cells. We suggest that in wild-type cells following starvation, RasG is in the GDP-bound form, and therefore adenylate cyclase activation is not prevented. In contrast, in the pVEII-rasG-G12T transformant, the GTP-bound form is in excess, and this brings about the repression of adenylate cyclase activity. Whether this repression is at the level of adenylate cyclase gene expression or at the level of adenylate cyclase enzyme activity remains to be determined. The fact that the pVEII-rasG-S17N transformant differentiates normally is consistent with this model, since a predominance of RasG ⅐ GDP should have no inhibitory effect on adenylate cyclase. The proposed role of RasG ⅐ GTP in inhibiting Dictyostelium adenylate cyclase activity is in marked contrast to the role of Ras in the yeast Saccharomyces cerevisiae, in which RasG ⅐ GTP activates adenylate cyclase (19) . The situation during early Dictyostelium development wherein RasG ⅐ GTP appears to inhibit a signal transduction pathway for which a mitogen-activated protein kinase is as a positive regulator or effector also differs from that in mammalian cells, in which mitogen-activated protein kinase is a downstream positive effector of a Ras-mediated signal transduction pathway (3).
